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The chemokine receptors CXCR4 and CCR5 are the principal coreceptors for infection of X4 and R5 human
immunodeficiency virus type 1 (HIV-1) isolates, respectively. Here we report on the unexpected observation
that the removal of the N-linked glycosylation sites in CXCR4 potentially allows the protein to serve as a
universal coreceptor for both X4 and R5 laboratory-adapted and primary HIV-1 strains. We hypothesize that
this alteration unmasks existing common extracellular structures reflecting a conserved three-dimensional
similarity of important elements of CXCR4 and CCR5 that are involved in HIV envelope glycoprotein (Env)
interaction. These results may have far-reaching implications for the differential recognition of cell type-
dependent glycosylated CXCR4 by HIV-1 isolates and their evolution in vivo. They also suggest a possible
explanation for the various observations of restricted virus entry in some cell types and further our under-
standing of the framework of elements that represent the Env-coreceptor contact sites.

Coreceptor molecules belonging or related to the chemo-
kine receptor family of seven-transmembrane-domain G-pro-
tein-coupled receptors are required along with CD4 for human
immunodeficiency virus (HIV-1) envelope glycoprotein (Env)-
mediated membrane fusion and virus entry (reviewed in ref-
erences 8, 12, 27, 36, 38, and 64). Although some 15 related
coreceptor molecules have been shown by one or more labo-
ratories to function in the fusion or entry of at least one HIV
isolate, it is now well recognized that the principal HIV-1
coreceptors remain the initially discovered CXC chemokine
receptor CXCR4 and the CC-chemokine receptor CCR5 (7,
21). Previously, it was hypothesized that the very first step in
HIV-1 entry involves the formation of a trimolecular complex
between the viral Env, CD4, and a coreceptor molecule (18, 33,
52), and both functional and biochemical evidence to support
this hypothesis has been reported (35, 59, 84, 88, 90). Defining
the elements of the coreceptor molecules involved in these
interactions is of critical importance for our understanding of
the virus entry mechanism. To date, multiple studies, largely
employing the use of genetic chimeras, have provided an ex-
tensive framework of important structural information on sev-
eral coreceptors, which has been reviewed in detail (10, 12, 34,
38, 64). Although not in complete agreement with each other,
these studies have clearly shown that multiple extracellular
domains are required for coreceptor function, which involves
cooperativity between particular elements of the N-terminal
domain and one or more of the three extracellular loops.
However, there remains the possibility that many of the chi-
meric receptors produced in these studies are functional due to
compensatory conditions brought about by distal regions of the

background receptor, and this could result in regions impor-
tant for coreceptor function being overlooked (64).

We recently studied a large battery of CXCR4 mutants (23).
Those results indicated that negatively charged glutamic acid
residues in the N terminus and the aspartic acid residue D97 in
extracellular loop 1 (ecl-1) are important for CXCR4 function
as a coreceptor for X4 isolates. We and others have speculated
that the role of the negatively charged CXCR4 residues is
related to their electrostatic interactions with positively
charged Env residues in the V3 loop region of the previously
classified syncytium-inducing X4 Envs (32, 50). However, other
consequences of the site-directed mutagenesis, specifically the
effect of removal of N-linked glycosylation sites (resulting in
what will henceforth be referred to as non-N-linked glycosy-
lated CXCR4) on the coreceptor function of CXCR4, have not
been completely explored. Here we report the first observation
of an unexpected and dramatic effect of N-linked glycosylation
site removal in an AIDS-related molecule: the expansion of
both laboratory-adapted and primary R5 HIV-1 isolates.

We found that CXCR4 N-linked glycosylation results in the
loss of coreceptor activity for those HIV-1 isolates which are
dominant during the early stages of HIV-1 disease as well as in
virus transmission to an uninfected individual (so-called non-
syncytium-forming, macrophage-tropic R5 isolates). Thus, al-
leviation of the N-linked glycosylation of CXCR4 can allow the
protein to serve as a universal coreceptor for some R5 and X4
HIV-1 Envs. Taken together with other reports, our data sug-
gest that there is an existing underlying conserved framework
of elements between CXCR4 and CCR5 and that removal of
masking glycosylation moieties reveals these structures. Thus,
differential glycosylation of CXCR4 may modulate the ability
of particular HIV-1 isolates to infect various cell types. The
possible existence of CXCR4 glycoforms with altered corecep-
tor activities, perhaps as the result of cell type-dependent gly-
cosylation differences, may have far-reaching implications for
the differential recognition of CXCR4 by HIV-1 isolates, for
their evolution in vivo, and for the mechanism of HIV-1 entry
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into cells, as well as for future development of novel drugs and
vaccines.

MATERIALS AND METHODS

Cells and culture conditions. Human HeLa cells and simian BSC-1 cells were
obtained from the American Type Culture Collection, Manassas, Va., while
human glioblastoma cell line U373-MG and the U373-MG-CD41 derivative cell
line were provided by Adam P. Geballe, Fred Hutchinson Cancer Research
Center, Seattle, Wash. (53). Cell cultures were maintained at 37°C in a humid-
ified 5% CO2 atmosphere. HeLa and BSC-1 cell monolayers were maintained in
Dulbecco’s modified Eagle’s medium (Quality Biologicals, Gaithersburg, Md.)
supplemented with 10% bovine calf serum (BCS), 2 mM L-glutamine, and anti-
biotics (DMEM-10). U373 cell monolayers were maintained in the same way
except that 15% BCS was used (DMEM-15). U373-MG-CD41 cell monolayers
were also supplemented with 200 mg of G418 (Calbiochem, La Jolla, Calif.)/ml.

Plasmids and recombinant vaccinia viruses. For Env expression, we employed
a battery of plasmids and recombinant vaccinia viruses encoding the env genes
from several R5, X4, and R5X4 HIV-1 isolates. The following recombinant
vaccinia viruses expressing gp160 from different HIV-1 isolates (whose names
are in parentheses) were used: vCB-28 (JR-FL), vCB-32 (SF162), vCB-34 (SF2),
vCB-39 (ADA), vCB-41 (LAV), vCB-43 (Ba-L), vCB-52 (CM235), vCB-53
(CM243) (17), and vDC-1 (89.6 [28]) gp160 linked to a strong synthetic vaccinia
virus early-late promoter (pSC59 [25]). Purified vaccinia virus stocks were used
at a multiplicity of infection of 10 PFU/cell. Plasmids encoding functional gp160,
from a variety of HIV-1 primary isolates, linked to the T7 promoter were
obtained from the National Institutes of Health AIDS Research and Reagent
Program (Rockville, Md.). They include 93BR019.10 (clade F/B), 92UG975.10
(clade G), 93BR029.2 (clade F), 92TH022.4 (clade E), MA301965.26 (clade C),
92BR025.9 (clade C), 91US005.11 (clade B), 92BR020.4 (clade B), 92UG037.8
(clade A), and 92RW020.5 (clade A). For CD4 expression, we used recombinant
vaccinia virus vCB-3 (19). Bacteriophage T7 RNA polymerase was produced by
infection with vTF1-1 (containing the P11 natural late vaccinia virus promoter)
(2). The Escherichia coli lacZ gene linked to the T7 promoter was introduced into
cells by infection with vaccinia virus recombinant vCB21R-LacZ, which was
described previously (3). For coreceptor expression, we employed recombinant
vaccinia viruses or one of two alternative plasmid expression protocols. Vaccinia
virus vHC-1 (also vvCCR5-1107), encoding CCR5, was described previously (90).
Vaccinia viruses encoding wild-type and mutant CXCR4 (vHC-3 [wild-type
CXCR4], vHC-5 [N176A CXCR4], vHC-6 [C-terminal CXCR4 deletion], vHC-7
[N11A N176A CXCR4], and vHC-8 [N11A D187A CXCR4]) were prepared by
subcloning the appropriate cDNA into the SmaI site of pMC1107 (22). The
recombinant viruses were then obtained by standard techniques employing
(Ecogpt) selection (20). For cell fusion assays, we either infected cells with the
appropriate vaccinia virus encoding a chemokine receptor linked to the 7.5k
vaccinia virus promoter or transfected cell monolayers with plasmids containing
coreceptor genes linked to a strong synthetic vaccinia virus early-late promoter
(pSC59) (25) followed by infection 2 h later with the Western Reserve (WR)
wild-type strain of vaccinia virus, and transfection of monolayers was performed
with DOTAP {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium meth-
ylsulfate}. For virus infection assays, cells were transfected with coreceptor genes
linked to the cytomegalovirus promoter in pCDNA3 (Invitrogen, Carlsbad, Cal-
if.) and transfection was performed by the DEAE-dextran procedure, as de-
scribed below.

Mutagenesis. CCR5 and CXCR4 mutations were induced by using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) in accor-
dance with the manufacturer’s instructions. Two mutagenic polyacrylamide gel
electrophoresis (PAGE)-purified oligonucleotides were used per mutation. The
identities of all CXCR4 mutant constructs were confirmed by DNA sequencing.

Cell-cell fusion assays. Fusion between Env-expressing and receptor-express-
ing cells was measured by a reporter gene assay in which the cytoplasm of one
cell population contained vaccinia virus-encoded T7 RNA polymerase and the
cytoplasm of the other contained the E. coli lacZ gene linked to the T7 promoter;
b-galactosidase (b-Gal) was synthesized in fused cells (66). Vaccinia virus-en-
coded proteins were produced by incubating infected cells at 31°C overnight (9).
Cell-cell fusion reactions were conducted with the various cell mixtures in 96-well
plates at 37°C. Typically, the ratio of CD4-expressing to Env-expressing cells was
1:1 (2 3 105 total cells per well, 0.2-ml total volume). Cytosine arabinoside (40
mg/ml) was added to the fusion reaction mixture to reduce nonspecific b-Gal
production (9). For quantitative analyses, Nonidet P-40 was added (0.5% final)
at 2.5 h and aliquots of the lysates were assayed for b-Gal at ambient tempera-
ture with the substrate chlorophenol red–b-D-galactopyranoside (Roche Molec-
ular Biochemicals). Fusion results were calculated and expressed as rates of
b-Gal activity (change in optical density at 570 nm per minute 3 1,000) (66).

HIV-1 infection studies. U373-MG-CD41 target cells were prepared in 48-well
plates and transfected with the desired coreceptor-encoding plasmid by the
DEAE-dextran method. Briefly, 0.2 mg of DNA mixed in 110 ml of DMEM-2.5
with 100 mM chloroquine diphosphate and 1.1 ml of a DEAE-dextran stock (10
mg/ml) in phosphate-buffered saline (PBS) was added to each well of semicon-
fluent cells. After 4 h, the medium was replaced with PBS–10% dimethyl sul-
foxide for 2 min. Monolayers were then washed with PBS and incubated over-
night in DMEM-15. Viral infection assays were performed with a luciferase

reporter HIV-1 Env pseudotyping system (29). Viral stocks were prepared, as
previously described, by transfecting 293T cells with plasmids encoding the lu-
ciferase virus backbone (pNL-Luc-ER) and Env from HIV strain JR-FL (67) or
NL4-3 (LAV) (1, 71). The resulting supernatant was clarified by centrifugation
for 10 min at 2,000 rpm in a Sorvall RT-7 centrifuge (RTH-750 rotor) and stored
at 4°C. Monolayers were infected with 100 ml of virus preparation containing 8
mg of DEAE-dextran/ml. After 2 h, 0.5 ml of DMEM-15 was added to each well.
Cells were lysed at 72 h postinfection by resuspension in 105 ml of cell lysis buffer
(Promega, Madison, Wis.), and 50 ml of the resulting lysate was assayed for
luciferase activity, using an equal volume of luciferase substrate (Promega).

Western blot analysis. BSC-1 cell monolayers were infected overnight with
vaccinia virus encoding wild-type or mutant CXCR4 at multiplicity of infection
of 10. Western blot detection of CXCR4 was performed essentially as described
previously (49) but with some modifications. Cells were extracted with 0.5%
Triton X-100 in 20 mM Tris-HCl, pH 8.0, containing 100 mM NaCl, and the
nuclei were removed by centrifugation. Extracts from 5 3 104 cells (total) were
loaded per well onto a sodium dodecyl sulfate (SDS)–10% polyacrylamide gel;
samples were incubated for 30 min at 37°C and not boiled, since boiling often
induces aggregation of seven-transmembrane-domain proteins. Following elec-
trophoresis, proteins were transferred to nitrocellulose paper, the blot was
probed with 4G10, an anti-CXCR4 murine monoclonal antibody (MAb) (C. C.
Broder and E. A. Berger, unpublished observations). The blot was then incu-
bated with horseradish peroxidase-conjugated rabbit anti-mouse immunoglobu-
lin G and developed with a Pierce (Rockford, Ill.) SuperSignal chemilumines-
cence kit.

Cell surface staining. Coreceptor expression levels were determined by fluo-
rescent-antibody cell surface staining. Appropriate cells were transfected or
infected and incubated overnight as described above. Cells were then kept on ice;
106 cells were washed twice with PBS and once with PBS containing 2.5% BCS,
incubated in PBS containing 2.5% BCS and 4 mg of 2D7 MAb (for CCR5) or 2
mg of 12G5 or 4G10 MAb (for CXCR4)/100 ml for 1 h washed three times with
PBS, incubated in PBS containing 2.5% goat serum and 10 of phycoerythrin-
labeled goat anti-mouse immunoglobulin G per 100 ml for 45 min, washed three
times with PBS, and fixed with PBS–2% paraformaldehyde. Fluorescence was
measured with a Coulter (Miami, Fla.) EPIC XL flow cytometer.

Molecular modeling. Theoretical three-dimensional structures of the HIV-1
coreceptors CXCR4 and CCR5 were based on the physically determined struc-
tures of both bacteriorhodopsin and rhodopsin (79, 85, 86), as well as analysis of
the amino acid sequences of related G-protein-coupled receptors (34, 36). A
molecular-modeling software package (Insight II 98.0; Molecular Simulations,
Inc., San Diego, Calif.) was used to add a hypothetical three-branched N-linked
carbohydrate structure with a molecular mass of 6 kDa (based on the analysis of
the CXCR4 non-N-linked glycosylated mutants) to the N terminus of the
CXCR4 molecule.

RESULTS

R5 isolate use of altered CXCR4 molecules. Coreceptor
genes were expressed by using either a vaccinia virus promoter
system or the cytomegalovirus promoter in a plasmid transfec-
tion protocol, depending on the particular assay employed. An
alanine-scanning mutagenesis strategy (51) was performed to
identify residues involved in CXCR4 coreceptor activity (23).
Shown in Fig. 1 is a representation of the extracellular domains
of CXCR4 with the locations of several point mutations high-
lighted: N11A, C28A, and R30A in the N terminus; N176A,
D187A, and D193A in ecl-2; and C274A in ecl-3. The mutation
of these residues individually by substitution with alanine was
noted to enhance the ability of CXCR4 to serve as a coreceptor
for otherwise R5-dependent HIV-1 isolates, while full function
was retained for X4 and R5X4 isolates. Only the cysteine
mutations had moderately reduced X4 Env coreceptor activity
(23). A combination of both substitutions for cysteine residues
(i.e., C28A C274A) yielded a mutant CXCR4 with an en-
hanced coreceptor activity for R5 Envs, better than that re-
sulting from substitution for either one alone. Figure 1 also
shows the locations of the two potential N-linked glycosylation
sites, located in the N terminus and in ecl-2. Using a protocol
involving 12G5 or 4G10 MAbs, cell surface staining, and flu-
orescence-activated cell sorter analysis, all CXCR4 mutants
used in the present study had surface expression levels quite
comparable to that of wild-type CXCR4 (85 to 115%) (refer-
ence 23 and data not shown). Similar N-linked glycosylation
site-deleted mutant CXCR4 receptor cell surface expression
findings were reported by others (69). Further, the non-N-
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linked glycosylated CXCR4 mutants in this study reacted
equally well with a panel of six additional conformation-de-
pendent anti-CXCR4 MAbs supplied by R&D Systems (D. J.
Chabot, F. Baribaud, R. W. Doms, and C. C. Broder, unpub-
lished observations).

Removal of N-linked glycosylation sites expands CXCR4
coreceptor activity. The vaccinia virus-based b-Gal cell fusion
assay was performed to examine the non-N-linked glycosylated
CXCR4 mutants in an experiment in which human U373 target
cells expressing CD4 and infected with the vCB-21R-LacZ
reporter virus were transfected with plasmids encoding mutant
or wild-type CXCR4. Env-expressing HeLa effector cells were
produced by infection with the appropriate Env-encoding vac-
cinia virus and a vaccinia virus encoding T7 RNA polymerase
(9, 17, 66). One of the most potent single mutations that
allowed CXCR4 to serve as an R5 isolate coreceptor was
N11A (Fig. 2). This alteration potentially eliminated an N-
terminal N-linked glycosylation structure. Site-directed muta-
genic removal of the asparagine residue of an N-linked glyco-
sylation site motif is a more definitive means of glycosylation
site identification than enzymatic removal of the carbohydrate
moiety, and more importantly for the present study, it permits
a functional examination of effects of glycosylation. We con-
firmed by mutagenesis that the N11A phenotype was likely due
to the elimination of a glycosylation site by disruption of the
consensus glycosylation sequence (N-X-S/T) by an alternative
mutation (T13A). In Env-mediated cell fusion assays with a
panel of prototypic R5 Envs (Fig. 2), the T13A CXCR4 mutant
exhibited coreceptor activity nearly equivalent to that of the
N11A mutant. This result strongly indicates that it was the
carbohydrate modification at asparagine 11, rather than the
asparagine amino acid itself, that was mediating the CXCR4
mutant phenotype of enhanced R5 coreceptor activity. We also
examined the other potential N-linked glycosylation site in
CXCR4, located in ecl-2, using the N176A mutant and found
that it also had some enhanced coreceptor activity for R5
Env-mediated fusion, although the level of activity was signif-
icantly lower than that of the N-terminal site mutant. There-
fore, we chose to not examine an additional S178A mutant but
rather focus on the N-terminal glycosylation site and examine
a double mutant both functionally and biochemically. The dou-
ble non-N-linked glycosylated CXCR4 (N11A N176A) was
constructed, and this non-N-linked glycosylated CXCR4 exhib-
ited a coreceptor activity for several R5 HIV-1 isolate Envs,
including JR-FL, ADA, Ba-L, and SF162, that was further
enhanced over that of the single N11A construct (Fig. 2). The

data shown in Fig. 2 are the actual rates of reporter activity,
with background levels of both vector alone, wild-type CXCR4,
and the CCR5 activity shown for comparison. The N11A
N176A mutant CXCR4 retained full coreceptor activity for
LAV Env (Fig. 2) and for several other X4 or R5X4 Envs (data
not shown), in agreement with earlier reports (16, 69). The
expanded tropism of the non-N-linked glycosylated CXCR4
was quite significant, with activities ranging from 35 to 125% of
the level of coreceptor activity observed with CCR5 in the
same experiment (Fig. 2). Similar results were achieved when
these CXCR4 mutants were expressed along with CD4 in
mouse 3T3 cells, rabbit RK13 cells, and monkey BSC-1 cells
(data not shown). These N-linked glycosylations could poten-
tially block interactions between CXCR4 and certain regions

FIG. 1. Diagram of CXCR4 extracellular domains. Residues that when converted to alanine enhance fusion with R5 HIV-1 Env glycoproteins are highlighted by
enclosure within dark black circles. Locations of the potential N-linked glycosylation sites are indicated.

FIG. 2. Coreceptor function of non-N-linked glycosylated CXCR4 mutants
in cell fusion assays with R5 HIV-1 Envs. U373 target cells were transfected with
a plasmid encoding the wild-type or a mutant coreceptor linked to the vaccinia
virus promoter and infected with vCB21R-LacZ and vCB-3 (CD4). HeLa effec-
tor cells were infected with a vaccinia virus encoding an HIV-1 Env and with a
vaccinia virus encoding T7 polymerase (vTF1-1). Cell mixtures (duplicates) were
incubated at 37°C for 2.5 h. Fusion was assessed by measurement of b-Gal in
detergent lysates of cells. The rates of b-Gal activity shown were obtained from
separate samples in the same experiment. Error bars indicate the standard
deviations of the mean values obtained from duplicate fusion assays. This ex-
periment was performed three times, and the data from a representative exper-
iment are shown in the figure. Abs570nm, absorbance at 570 nm.
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within a particular Env, or they might alter the conformation of
CXCR4 in a way that prevents such interactions.

In light of these surprising observations, we examined the
Env-mediated fusion activities of HIV-1 primary isolates and
those of alternate clades. Shown in Fig. 3 are the results ob-
tained in testing a battery of primary R5 isolate Envs with the
individual non-N-linked glycosylated CXCR4 mutants in com-
parison to wild-type CXCR4 and CCR5 in the cell fusion assay.
Two primary clade B isolates (91US005.11 and 92BR020.4), a
clade F/B mosaic (93BR019.10-all gp120 F), and a clade A
(92RW020.5) R5 Env could utilize the N11A CXCR4 core-
ceptor. The overall reporter gene signal levels were lower in
this experiment than in the experiment shown in Fig. 2 because
both the coreceptor genes and the Env genes (most driven by
a T7 promoter system) were transfected as plasmids in this
assay. For this reason, a plasmid encoding the Ba-L Env is
included for comparison. In other experiments (data not
shown), the double non-N-linked glycosylated CXCR4 mutant
yielded a slightly more elevated level of coreceptor activity
than the single N11A mutant for the same panel of Envs tested
in the study shown in Fig. 3, but the N-terminal site clearly had
the greatest influence, and the control mutation (T13A) im-
parted this expanded coreceptor activity as well (Fig. 3). The
fact that some R5 Envs from alternate clades, like the two
clade C Envs examined, were not able to use the non-N-linked
glycosylated CXCR4 is not surprising because clade C X4
isolates rarely occur (14, 70). This may indicate that the clade
C R5 Env-coreceptor interaction is more distinct than that of
R5 Envs from other clades, like A, B, and F; on the other hand,
we predict that a clade D R5 isolate would have been able to
utilize the non-N-linked CXCR4 mutant coreceptor had there
been a cloned gp160 available for testing.

The HIV-1 Env-mediated cell fusion assay presents a proven

and reliable model of HIV-1 Env-mediated fusion and recep-
tor function (4, 17, 26, 41, 42, 49, 62, 76). However, an exam-
ination of the activities of these CXCR4 mutants in an alter-
nate assay for virus entry was also performed. The data in Fig.
4 show that the non-N-linked glycosylated CXCR4 molecule
can also support infection by a CCR5-dependent virus in an R5
JR-FL-pseudotyped luciferase reporter system. Both the single
(N11A) and double (N11A N176A) non-N-linked glycosylated
CXCR4 mutants supported this R5 Env-mediated virus infec-
tion, and the double mutant yielded a higher level of corecep-
tor activity. The background signals obtained with plasmid
vector alone and with wild-type CXCR4 and CCR5 are shown
for comparison. In additional experiments, the level of signal
obtained with the single N176A CXCR4 mutant appeared no
higher than that of wild-type CXCR4 activity in the pseudovi-
rus assay. We have consistently observed that levels of R5 virus
entry signal for cells expressing non-N-linked glycosylated
CXCR4 in the luciferase pseudovirus assay are often lower
than those of the cell fusion assay, and this was also observed
with the charged-to-alanine (D187A) CXCR4 mutant, another
R5-enhancing alteration also found by another group (23, 87).
On the one hand, the pseudovirus assay is dependent on Env-
mediated fusion as well as reverse transcription, pre-integra-
tion complex formation, and nuclear translocation, while our
recombinant Env cell-cell fusion system was devised to elimi-
nate the dependency on these postentry events in measuring
Env fusion activity (17). These differences between the two
systems may be inherent. Alternatively, the differences in the
relative signal levels of the two assays might reflect postbinding
roles of CCR5 for R5 HIV-1 isolates. Whether there are in-
deed other mechanisms at work in the entry process of HIV
that can account for the efficiency differences described here,
such as an event during the postentry phase of virus replica-

FIG. 3. Coreceptor function of non-N-linked glycosylated CXCR4 mutants in cell fusions assays with primary isolate R5 HIV-1 Envs. U373 target cells were
transfected with a plasmid encoding the wild-type or a mutant coreceptor linked to the vaccinia virus promoter and infected with vCB21R-LacZ and vCB-3 (CD4). HeLa
effector cells were transfected with a plasmid encoding Env (clades are indicated in parentheses) linked to a T7 promoter and infected with a vaccinia virus encoding
T7 polymerase (vTF1-1). Duplicate cell mixtures were incubated at 37°C for 3 h. Fusion was assessed by measurement of b-Gal in detergent lysates of cells. The rates
of b-Gal activity shown were obtained from separate samples in the same experiment. Error bars indicate the standard deviations of the mean values obtained for
duplicate fusion assays. Data from a representative experiment are shown in the figure. Abs570nm, absorbance at 570 nm.
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tion, as demonstrated with simian immunodeficiency virus
(24), remains to be shown. Nevertheless, the results obtained
by both of these assay systems support the hypothesis that
non-N-linked glycosylated CXCR4 can serve as a coreceptor
for R5 Envs.

Identification of CXCR4 N-linked glycosylations. Previously
we examined recombinant vaccinia virus-expressed CXCR4 by
Western blot analysis with a polyclonal rabbit antiserum raised
against the N terminus of the molecule (49). In those studies,
the predominant molecular species of CXCR4 had a molecular
mass of approximately 47 to 48 kDa. Also apparent was a
second, less-intense band with an apparent molecular mass of
;94 to 97 kDa, double that of the predominant species. We
have consistently observed this monomer/dimer pattern for
CXCR4 as well as CCR5 (data not shown), and the ratios of
the two bands can vary depending on the SDS-PAGE condi-
tions. Virtually identical results were obtained by Doms and
colleagues with an hemagglutinin epitope-tagged CXCR4-vac-
cinia virus construct (11). The predicted molecular mass of
CXCR4, 39.7 kDa, indicated that a posttranslational N-linked
glycosylation event likely had occurred on the protein. The first
clear evidence that CXCR4 was indeed N glycosylated on at
least one of these sites was provided by experiments using
endoglycosidase F treatment of recombinant vaccinia virus-
expressed CXCR4 followed by SDS-PAGE and Western blot-
ting (11). To expand on these observations and precisely iden-
tify the sites of N-linked glycosylation—and, more importantly,
correlate these findings to functional activity—we performed a
biochemical analysis by SDS-PAGE and Western blotting of
the non-N-linked glycosylated CXCR4 mutants.

Western blot detection of CXCR4 following SDS-PAGE
separation has been notoriously difficult. We and others have
found analysis by SDS-PAGE and Western blotting of wild-
type CXCR4 or mutants that are expressed transiently by plas-
mid-transfected cells unsatisfactory. This is likely due to a
combination of low-level expression and low-affinity antibody.
In order to obtain unambiguous results, we constructed several

new recombinant vaccinia viruses encoding wild-type or one of
several mutant CXCR4s. We analyzed lysates of cells infected
with these vaccinia viruses to biochemically characterize the
CXCR4 N glycosylations by Western blotting with MAb 4G10,
raised against the CXCR4 N terminus. Binding of 4G10 to
CXCR4 also appeared to be unaffected by the N-terminal
glycosylation (23) (Fig. 5 and data not shown). Using this
approach, we determined that the N11A mutant had a signif-
icantly lower apparent molecular mass (monomer, ;41 to 42
kDa) than wild-type CXCR4 and was very close to the pre-
dicted size of unmodified CXCR4 (;40 kDa). There was no
detectable size difference between the single N176A mutant
and wild-type CXCR4 or between the double N11A N176A
mutant and the single N11A CXCR4 mutant. The blot was
purposefully overexposed to show the two-band pattern in the
N11A and N11A N176A lanes. A shorter autoradiographic
exposure period revealed the same broad band at both posi-
tions for the other samples (data not shown), as was noted in
prior work with wild-type and epitope-tagged CXCR4 (11, 49).
Thus, if there is any N-linked glycosylation present at N176A,
it is too small of a modification to be measurable in this assay.
The non-N-linked glycosylated CXCR4 monomer was even
smaller than that of an additional CXCR4 mutant that was
used as a relative molecular mass marker in this experiment (a
C-terminal 42-amino-acid [5-kDa] deletion construct with a
molecular mass of ;42 to 43 kDa). Also, the apparent dimer
bands were equally shifted downward in all cases (Fig. 5).
Taken together, our data indicate that the principal site of
N-linked glycosylation of CXCR4 is in the N terminus and
consists of an approximated 5- to 6-kDa carbohydrate moiety.
Using these CXCR4-encoding recombinant vaccinia viruses to
express CXCR4, we observed identical molecular mass pat-
terns of monomeric and dimeric CXCR4 in a variety of cells,
including primary human macrophages as well as the mouse
3T3 and human HeLa, U373, and HOS cell lines (data not
shown). The double non-N-linked glycosylated CXCR4 mu-
tant-encoding vaccinia virus was also examined functionally
(Fig. 6), and although there might have been a slight decrease
in relative expression efficiencies in whole-cell lysates (Fig. 5),
this mutant was clearly quite efficient in supporting Env-medi-
ated fusion by several prototypic R5 isolates in comparison to

FIG. 4. Coreceptor function of non-N-linked glycosylated CXCR4 mutants
in virus infection assays with an R5 HIV-1 Env. U373 CD41 cells were trans-
fected with a plasmid (pCDNA3) encoding the wild-type or a mutant coreceptor.
Wells of cells (triplicate) were infected with the indicated HIV-1 Env-luciferase
reporter virus. Infection was assessed at day 4 by measuring the amounts of
luciferase activity in cell lysates. Error bars indicate the standard deviations of
the mean values obtained from triplicate wells. This experiment was performed
three times, and the data from a representative experiment are shown in the
figure.

FIG. 5. Biochemical analysis of non-N-linked glycosylated mutant CXCR4s:
Western blot of wild-type CXCR4 and non-N-linked glycosylated CXCR4 mu-
tants expressed by recombinant vaccinia viruses. D C-terminal, C-terminal 42-
amino-acid deletion construct with a molecular mass of ;43 kDa. Lysates were
prepared from BSC-1 cells infected with a vaccinia virus encoding the indicated
CXCR4 gene and analyzed by SDS-PAGE followed by Western blotting with a
mouse MAb to CXCR4 (4G10).
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vaccinia virus-expressed CCR5. The non-N-linked glycosylated
mutants were fully functional for prototypic X4 (LAV) and
R5X4 (89.6) Envs as well (Fig. 6).

DISCUSSION

The HIV-1 coreceptors have complex membrane topologies
consisting of an N-terminal domain, three extracellular and
intracellular loops, and a cytoplasmic C-terminal tail. Their
exact three-dimensional structure is presently unknown. How-
ever, theoretical models of CXCR4 and CCR5 based on the
physically determined structures of both bacteriorhodopsin
and rhodopsin (79, 85, 86) as well as analysis of the amino acid
sequences of related receptors have been constructed (34, 36;
S. Durell, personal communication). Most recently, a model
for CCR5 derived by a similar methodology was presented in
which further constraints were placed on the theoretical mod-
eling procedure by incorporation of MAb binding data (61).
These models suggest that the coreceptors are barrel shaped,
with the extracellular loops and N terminus brought closer
together by two extracellular disulfide bonds; perhaps more
significantly, a clear distinction of electrostatic potentials in the
extracellular elements is evident, with CXCR4 possessing a
more negative surface charge. Indeed, data suggesting that
both pairs of cysteines are likely involved in disulfide bond
formation have been provided (15, 23), and these observations
aid in grasping the many reports that indicate multiple extra-
cellular regions in CCR5 (5, 13, 39, 43, 46, 47, 54, 62, 68, 72, 75,
76, 89) as well as CXCR4 (16, 23, 40, 62, 69, 83) coreceptor
function and that coreceptor-Env interactions are quite com-
plex. An additional complexity to this interaction comes from
the assessment of the Env regions involved in coreceptor use
and goes well beyond the notion of just an electrostatic inter-

action between the V3 loop and a coreceptor (see recent re-
views in references 8 and 55).

In this study we showed that the removal of N-linked glyco-
sylation sites of CXCR4 allows this molecule to serve as a
functional coreceptor for otherwise-restricted R5 isolate Envs.
Unlike CXCR4, the other principal coreceptor, CCR5, does
not appear to possess any N-linked glycosylation modifications,
although there is a potential site in the receptor’s ecl-3 (48).
Rather, it was concluded that only O-linked glycosylation mod-
ifications to CCR5 were evident. Further, it was reported that
sulfation of the N terminus of the CCR5 coreceptor is impor-
tant for function, with sulfated tyrosines contributing to the
binding of CCR5 natural ligands as well as gp120-CD4 com-
plexes (48). Along this line, the removal of a carbohydrate
moiety from CXCR4 likely results in an even more-negative
surface charge on the molecule, although at this time we can-
not exclude the possibility that the N-linked carbohydrate
structure is further modified in a way that affects the overall
charge (e.g., sialic acid addition). Although our results show
some additive biological effect of double N-linked glycosyla-
tion site removal, they clearly show that only one site (i.e., at
the N terminus) predominates in its biological effect; addition-
ally, we showed biochemically that only the N-terminal site
imparts a modification measurable by SDS-PAGE, and since
N-linked carbohydrate structures are invariably large, this
strongly indicates that only this site is used in the BSC-1 (Fig.
5), murine 3T3, human HOS, HeLa, and U373-MG cell lines
and in primary human macrophages (data not shown). Our
attempts to measure these biological effects of N-linked glyco-
sylation site removal by other means, including tunicamycin
treatment of cells, were unsuccessful, apparently due to cellu-
lar toxicity (data not shown). Indeed, the finding that preven-
tion of N-linked glycosylation would allow CXCR4 to function
as a coreceptor for R5 Envs while full function for X4 Envs was
retained was quite unexpected.

We hypothesize that removal of the carbohydrate moieties
in CXCR4 results in its enhanced coreceptor activity with
CCR5-dependent R5 Envs by unmasking existing structures
capable of interacting with these Envs. It may be that CCR5-
restricted Envs are adapted to recognizing a coreceptor with a
non-N-linked glycosylated N terminus whereas CXCR4-re-
stricted Envs can accommodate such a configuration. Taken
together, our data further support the notion that despite dif-
ferences in the primary sequences of their extracellular re-
gions, there is perhaps an underlying conserved similarity be-
tween the three-dimensional structures of CXCR4 and CCR5
and that subtle alterations in CXCR4 (i.e., removal of carbo-
hydrate), or mutation in Env to accommodate CXCR4 N gly-
cosylation, allows R5 Envs to utilize it as a coreceptor. We also
note that among the set of CXCR4 mutations that result in
enhanced coreceptor activity for R5 Envs is the disruption of
what is likely a disulfide bond between the N terminus and
ecl-3 (23). A possible explanation for the underlying mecha-
nism of this prior observation, in light of the present data, is
that this alteration relaxes the barrel shape of CXCR4 and
thereby repositions the existing N-terminal glycosylation moi-
ety, allowing better exposure of contact sites for R5 Env inter-
action.

We have also consistently observed the apparent monomer/
dimer pattern of CXCR4 and CCR5 (Fig. 5 and data not
shown). The first suggestion of an oligomeric feature of an
HIV coreceptor was shown by an immunoprecipitation assay
using metabolically labeled CCR5; a monomer/dimer pattern
was reported in a low-SDS environment (6). More recently, a
similar SDS-PAGE pattern has been reported for CXCR4 and
CCR5 (74); the chemokine ligands were shown to induce a

FIG. 6. Functional analysis of vaccinia virus-expressed double non-N-linked
glycosylated CXCR4: coreceptor function of recombinant vaccinia virus-encoded
non-N-linked glycosylated mutant CXCR4 in cell fusion assays with clade B
Envs. Target cells were infected with vCB-21R-LacZ, vCB-3 (CD4), and either
WR, vHC-7 (N11A/N176A), vHC-1 (CCR5), or vHC-3 (CXCR4). HeLa HIV-1
Env-expressing effector cells were infected with a vaccinia virus encoding T7
polymerase (vTF1-1) and the indicated Env. Cell mixtures (duplicates) were
incubated at 37°C for 2.5 h. Fusion was assessed by measurement of b-Gal in
detergent lysates of cells. The rates of b-Gal activity shown were obtained from
separate samples in the same experiment. Error bars indicate the standard
deviations of the mean values obtained from duplicate fusion assays. This ex-
periment has been performed multiple times, and the data from a representative
experiment are shown in the figure. Abs570nm, absorbance at 570 nm.
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monomer-to-dimer transition. Further studies need to be per-
formed to determine the nature and significance of these ob-
servations. Our data are derived from SDS-PAGE analysis
under reducing conditions, but samples were not boiled; this
suggests that strong hydrophobic interactions are involved. We
feel that the high-molecular-mass species we observed is not an
alternative or more heavily glycosylated CXCR4 molecule,
since we still observed a dimer in the double non-N-linked
glycosylated mutant, although one might speculate that the
N-terminal carbohydrate moiety plays a role in stabilizing the
dimer, based on the data shown in Fig. 5. The fact that the
anti-CXCR4 MAb 12G5 had been demonstrated to differen-
tially inhibit HIV-1 infection in both a cell type- and virus
strain-dependent manner (63) had first prompted the sugges-
tion that the CXCR4 molecule itself is differentially processed,
as in macrophages, resulting in it being utilized differently by
various isolates (37). It has been suggested that a high-molec-
ular-mass species of CXCR4 that is defective in coreceptor
activity is present in human macrophages (60) and that post-
translational glycosylation could account for this observation;
however, we noted that recombinant-expressed wild-type and
non-N-linked glycosylated CXCR4 in human macrophages
yielded molecular mass patterns identical to those shown in
Fig. 5. Indeed, if multimeric-complex formation between the
oligomeric HIV-1 Env and its cellular receptors is required for
fusion pore formation (65) and subsequent virus entry, then
the very existence of CD4-independent strains of HIV-1,
HIV-2 (56, 58, 73), and simian immunodeficiency virus (44)
supports the notion of oligomeric coreceptors.

A revised schematic model of CXCR4, in which we have
incorporated a hypothetical three-branched 6-kDa carbohy-
drate structure on the molecule’s N-terminal domain based on
our estimated molecular mass differences, is shown in Fig. 7. In
viewing this model, it becomes readily apparent how such a
structure could potentially mask elements of the coreceptor’s
extracellular domains. Although theoretical, we feel it is quite
relevant to present this model in the context of this report
because it dramatically shows how readily such a structure
could cover underlying elements of not only the coreceptor’s N
terminus but the extracellular loops as well, a feature rarely
appreciated in stick figure diagrams. As more MAbs specific
for the CXCR4 coreceptor become available to complement
the growing number of available mutant coreceptor molecules,
further detailed mapping and modeling constraints will be pos-
sible to help refine these theoretical three-dimensional models.

Our results concerning the CXCR4 N-terminal glycosylation
also suggest that just a posttranslational modification of
CXCR4 could prevent an R5 isolate from exhibiting a dual-
tropic phenotype. The CCR5 coreceptor does not have an
N-terminal N-linked glycosylation site, and, interestingly, the
rarely employed CCR2 coreceptor, whose primary sequence is
most homologous to that of CCR5, contains an N-terminal
N-linked glycosylation site. However, removal of this site did
not expand CCR2 coreceptor activity; only a fourfold increase,
to 10% of the activity of CCR5 with a single R5 Env, ADA
(data not shown), occurred, while several other isolates yield
35 to 125% of the level of CCR5 coreceptor activity with the
non-N-linked glycosylated CXCR4 (Fig. 2). A larger study with
more R5 isolates appears warranted in order to fully assess and
validate the breadth of these present findings. Taken together,
our data provide further evidence suggesting that there is sig-
nificant homology on a three-dimensional level for Env inter-
action sites of the CXCR4 and CCR5 coreceptors, perhaps
even more so than that between CCR5 and CCR2.

It is R5 HIV-1 strains that are largely responsible for virus
transmission, and individuals who lack CCR5 due to a natural

mutation in the gene (ccr5D32 allele) are resistant to HIV-1
infection (31, 57, 78). HIV-1 X4 isolates tend to emerge much
later in the infection course, and the tropism switch from R5 to
X4 viruses correlates with progression of the infection to symp-
tomatic AIDS (30, 81, 82). Part of the nature of this tropism
switch is clearly related to genetic changes in the env nucleo-
tide sequence, but not all infected individuals who progress to
AIDS develop X4 isolates, and the precise nature of the driv-
ing force behind the in vivo evolution of HIV is not wholly
understood. Our findings now add further complexity to this
area because they demonstrate the possibility that early-stage
primary R5 isolates could infect target cells via CD4-CXCR4
receptors under circumstances of differential glycosylation of
CXCR4 without an accompanying genetic change in Env. Al-
though clearly speculative, the existence of non-N-linked gly-
cosylated CXCR4 or CXCR4 glycoforms in an individual, as
result of genetic or environmental influences or even the in-
fection process itself, that allow for R5 Env recognition could
have broad-reaching implications for the HIV infection and
pathogenesis process, as well as for outcomes in the host.

FIG. 7. Schematic model of the HIV-1 coreceptor CXCR4 with a represen-
tation of the amino-terminal N-linked glycosylation moiety. The carbohydrate is
drawn as a simple three-branch structure with a molecular mass of ;6 kDa based
on the measured molecular mass shift observed during SDS-PAGE analysis
under reducing conditions. Green represents carbon, red represents oxygen,
yellow represents nitrogen, and white represents hydrogen. (A) Side view; (B)
top view.
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Indeed, glycoforms of a protein may be cell type or even cell
cycle dependent (77). Whether there are alternate glycoforms
of CXCR4 in vivo remains to be determined by experiments
that would certainly be highly challenging considering the
present difficulty in detecting endogenous CXCR4 by blotting
techniques.

Finally, unlike the CCR5-CD4 interaction, the association of
CXCR4 with CD4 appears to be greatly enhanced by gp120;
the coimmunoprecipitation of CXCR4 and CD4 is largely
gp120 dependent (35, 59, 90). We are now examining whether
these CXCR4 mutants, which have the capacity to serve as
universal HIV-1 coreceptors, have an enhanced affinity for
CD4, similar to the CCR5-CD4 interaction, or whether they
exhibit their effect through an enhanced Env-coreceptor inter-
action. A more universal coreceptor has better potential in the
development of novel therapeutic agents targeted against
HIV-infected cells, such as a cytocidal pseudovirus (45, 80)
with CD4 and non-N-linked glycosylated CXCR4 on its sur-
face, by targeting a wider range of HIV-1 isolate-infected cells.
The continued characterization of the interactions between
HIV-1 Env and its coreceptors will aid in our understanding of
the virus infection process and in devising methods to prevent
it.
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Scarano. 1997. A monoclonal antibody (12G5) directed against CXCR-4
inhibits infection with the dual-tropic human immunodeficiency virus type 1
isolate HIV-189.6 but not the T-tropic isolate HIV-1HxB. J. Virol. 71:5678–
5683.

84. Trkola, A., T. Dragic, J. Arthos, J. M. Binley, W. C. Olson, G. P. Allaway, C.
Cheng-Mayer, J. Robinson, P. J. Maddon, and J. P. Moore. 1996. CD4-

dependent, antibody-sensitive interactions between HIV-1 and its co-recep-
tor CCR-5. Nature 384:184–187.

85. Unger, V. M., P. A. Hargrave, J. M. Baldwin, and G. F. Schertler. 1997.
Arrangement of rhodopsin transmembrane alpha-helices. Nature 389:203–
206.

86. Unger, V. M., and G. F. Schertler. 1995. Low resolution structure of bovine
rhodopsin determined by electron cryo-microscopy. Biophys. J. 68:1776–
1786.

87. Wang, Z. X., J. F. Berson, T. Y. Zhang, Y. H. Cen, Y. Sun, M. Sharron, Z. H.
Lu, and S. C. Peiper. 1998. CXCR4 sequences involved in coreceptor de-
termination of human immunodeficiency virus type-1 tropism. Unmasking of
activity with M-tropic Env glycoproteins. J. Biol. Chem. 273:15007–15015.

88. Wu, L., N. P. Gerard, R. Wyatt, H. Choe, C. Parolin, N. Ruffing, A. Borsetti,
A. A. Cardoso, E. Desjardin, W. Newman, C. Gerard, and J. Sodroski. 1996.
CD4-induced interaction of primary HIV-1 gp120 glycoproteins with the
chemokine receptor CCR-5. Nature 384:179–183.

89. Wu, L., G. LaRosa, N. Kassam, C. J. Gordon, H. Heath, N. Ruffing, H. Chen,
J. Humblias, M. Samson, M. Parmentier, J. P. Moore, and C. R. Mackay.
1997. Interaction of chemokine receptor CCR5 with its ligands: multiple
domains for HIV-1 gp120 binding and a single domain for chemokine bind-
ing. J. Exp. Med. 186:1373–1381.

90. Xiao, X., L. Wu, T. S. Stantchev, Y. R. Feng, S. Ugolini, H. Chen, Z. Shen,
J. L. Riley, C. C. Broder, Q. J. Sattentau, and D. S. Dimitrov. 1999. Con-
stitutive cell surface association between CD4 and CCR5. Proc. Natl. Acad.
Sci. USA 96:7496–7501.

VOL. 74, 2000 NON-N-LINKED GLYCOSYLATED CXCR4 4413


